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Abstract. Recent observations of Cepheids using infrared interferometry and Spitzer photometry have detected the presence
of circumstellar envelopes (CSE) of dust and it has been hypothesized that the CSE’s are due to dust forming in a Cepheid
wind. Here we use a modified Castor, Abbott & Klein formalism to produce a Cepheid wind, and this is used to estimate the
contribution of mass loss to the Cepheid mass discrepancy Furthermore, we test the OGLE-III Classical Cepheids using the
IR fluxes from the SAGE survey to determine if Large Magellanic Cloud Cepheids have CSE’s. It is found that IR excess is a
common phenomenon for LMC Cepheids and that the resulting mass-loss rates can explain at least a fraction of the Cepheid
mass discrepancy, depending on the assumed dust-to-gas ratio in the wind.
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INTRODUCTION
Cepheid variable stars have been studied for more than
200 years, since the discovery of variability in δ Cephei
[1]. Even now, there are still many unanswered questions
about the structure and evolution of these stars and new
questions are being raised. One such challenge is the dis-
covery of circumstellar envelopes surrounding Galactic
Cepheids using infrared interferometry [2, 3, 4].
These envelopes appear as an IR excess which has
been observed before. Galactic Cepheids have been ob-
served using IRAS and IR excess was detected in some
Cepheids [5, 6]. More recently, Spitzer observations have
confirmed IR excess around Galactic Cepheids [7]. There
is evidence for IR excess about l Car and RS Pup based
on observations of the spectral energy distribution from
V-band to 100 µm [8, also see Alexandre Gallenne’s
poster]. These observations provide compelling evidence
for the existence of circumstellar envelopes surrounding
Cepheids.
While observational evidence is mounting for the exis-
tence of the circumstellar envelopes, there are a number
of possible explanations for what they are. One possi-
bility is that the envelopes are not envelopes at all but
are instead disks [9]. This model was suggested as an
alternative model for computing the distance to RS Pup
from light echoes instead of the spherically symmetric
model [10]. The disk model was proposed as an alterna-
tive solution only and was not intended to necessarily be
a physical explanation, however, it is important to con-
sider the model. One argument against the disk model
is the fact that interferometry has detected shells about
every Cepheid that has been observed. If the IR excess
were due to dusty disks then one would expect that the
amount of excess would depend on the inclination of the
disk which is random with respect to the line of sight of
the observer. Hence one would expect only a small frac-
tion of Cepheids to exhibit an IR excess, contrary to what
has been observed.
Another possibility is that the envelopes are relics
from earlier stages of stellar evolution. For instance, it is
argued that the cold component of the nebula surround-
ing RS Pup is interstellar in nature [8], and the argument
is supported by observations of a circumstellar envelope
surrounding the Herbig Be star HD 200775. The Be star
may be an analog to an earlier stage of evolution for
RS Pup. The connection is strengthened by the observed
elongation of the nebula, suggesting bipolar mass loss
[11]. However, there is no evidence that the warm cir-
cumstellar envelopes are evolutionary relics, and inter-
ferometric observations of the non-pulsating yellow su-
pergiant α Persei suggest that the CSE’s are related to
the evolution of Cepheids.
A simple explanation for the existence of CSE’s is
mass loss from the Cepheids themselves. This is not a
new idea, Cepheid mass loss has been modeled and it was
found that Cepheids could lose about 10−7 M⊙/yr. This
amount of mass loss would have a significant effect on
the evolution of a Cepheid [12]. The concept of Cepheid
mass loss has been “rediscovered” with the observations
of CSE’s. Furthermore, spectroscopic observations of
a number Cepheids found asymmetry in the Hα line
consistent with an outflow [13].
If the CSE’s are generated from Cepheid mass loss
then this mass loss affects the IR Leavitt Law (Period-
Luminosity relation), may add an additional uncertainty
to the IR surface technique for determining the angular
diameter of Cepheids, and play a role in the evolution
of these stars. It is important to characterize the nature
of the CSE’s and the mass-loss mechanism of Cepheids.
One approach to understanding CSE’s is to model the IR
excess of a large sample of Cepheids. Fortunately, there
exists IR observations of a large number of Cepheids
thanks to the correlation of the OGLE-III Cepheids [14]
with the SAGE survey of the Large Magellanic Cloud
[15] as well as the 2MASS survey [16]. This correla-
tion yields VIJHK and IRAC magnitudes for about 1800
Cepheids for each of the two epochs of SAGE observa-
tion plus the average flux from the two epochs. Using this
data we can test the existence of CSE’s in LMC Cepheids
and if the source of the CSE’s is mass loss.
METHOD
In this work, we test the existence of CSE’s surrounding
LMC Cepheids by fitting the spectral energy distribution
of each Cepheid in the sample. The brightness as a func-
tion of wavelength is fit assuming a stellar luminosity
plus a dust shell luminosity, where the dust forms at a
larger distance from a Cepheid and is due to mass loss.
The stellar luminosity is
Lν(Star) = 4piR2∗piBν(Teff), (1)
and the shell luminosity is
Lν (Shell) =
3
4pi
< a2 >
< a3 >
˙Mdust
ρ¯vdust
×QAν
∫
∞
Rc
Bν(Tdust)[1−W(r)]dr. (2)
The shell luminosity depends on the mean surface area
and volume of the dust grains as well as the mean density
of the dust grain. The dust is assumed to be silicate dust
with a mean density of ρ¯ = 3.7 g/cm3, the dust ranges in
size from a = 0.005 to 0.25 µm and we use the Mathis et
al. dust size distribution [17] for computing < a2 > and
< a3 >. The dust velocity is about 100 km/s and the ab-
sorption coefficient QAν ∝ 1/λ for λ < 10 µm. The term
W (r) is the dilution factor and is proportional to r−1/2.
The inner boundary is the condensation radius, defined
as the distance from the star where the gas reaches a
temperature T = 1200 K. The dust is assumed to be in
equilibrium with the stellar radiation and hence the dust
temperature Tdust = TeffW (r)1/4 [18].
The stellar temperature is estimated using a
temperature-color-period relation for LMC Cepheids
[19]. Thus if we can guess the radius and the mass-loss
rate of a Cepheid then we can compute the total lumi-
nosity (sum of stellar plus shell) and assuming a distance
modulus of 18.5, we predict the apparent magnitudes
of each Cepheid as a function of wavelength. Therefore
we χ2-fit these two parameters for each Cepheid in the
sample and predict radii and mass-loss rates.
RESULTS
The values of the χ2 fit for each epoch of SAGE obser-
vation is shown in Figure 1. Because of the large spread
of values we apply a χ2-cut of 1.25 to the data. Also, one
might argue that the because of the large spread of χ2
values that mass loss is not a reasonable model but we
have computed χ2 fits of radius only and find a similar
spread of fits. The predicted radii and mass-loss rates of
the Cepheids with χ2 < 1.25 are shown in Figures 1 and
2. It is worth noting that fitting a Period-Radius (P-R) re-
lation to the predictions yields a slope of 0.68 consistent
with observed P-R relations. The mass-loss rates range
from about 10−11 to 10−7 M⊙/yr suggesting that mass
loss is an important phenomena in Cepheids.
One question is what is the driving mechanism for
mass loss in Cepheids. In earlier works [20, 21], the
mechanism was explored using a sample of nearby
Galactic Cepheids [22]. The Castor, Abbot and Klein
(CAK) model for radiative-driven winds [23] is applied
to the sample and radiative-driven mass-loss rates are
computed. These rates are shown in Figure 3 and a visual
comparison of the predicted radiative-driven mass-loss
rates with the best-fit rates for the LMC Cepheids sug-
gest that the mass loss cannot be due to radiative driving.
The mass-loss rates for short-period Cepheids are signif-
icantly smaller than the computed rates and there is an
obvious correlation between the radiative-driven mass-
loss rates and the pulsation period that is not seen in the
LMC Cepheids.
It can easily be concluded that radiative driving is an
insufficient driving mechanism. We have proposed an
alternate theory that mass loss is driven by pulsation
and shocks generated in the atmosphere due to pulsation
similar to earlier works [12]. The idea is tested using
modified version of the CAK method to include the effect
of pulsation and shocks. The shock velocities are taken
from the hydrodynamic model of δ Cephei [24] with
a scaling relation derived to compute shock velocities
for other Cepheids. The pulsation/shock-driven mass-
loss rates for the sample of Galactic Cepheids is shown in
Figure 3 as a function of pulsation period. It is found that
the pulsation/shock-driven mass-loss rates do not have a
period dependence. The mass-loss rates also range from
10−10 to 10−7 M⊙/yr, although only a few Cepheids
have large mass-loss rates.
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FIGURE 1. (Left) The values of χ2 for the fit of the radius and mass-loss rate for each Cepheid in the OGLE-III sample for each
epoch of SAGE observation as a function of period. The horizontal line represents the cut-off of χ2 = 1.25. (Right) The best-fit
radius of each Cepheid where the value of χ2 < 1.25.
We also compare predicted mass-loss rates from for
theoretical models [25] of Galactic, LMC, and SMC
Cepheids [21] to the computed mass-loss rates of the
LMC Cepheids. The pulsation/shock-driven mass-loss
rates are determined to be up to 2×10−7 M⊙/yr which is
comparable to the mass-loss rates determined here from
observations. This is further evidence that the mass-loss
mechanism for Cepheids is due to pulsation and shocks.
The pulsation/shock theory for Cepheid mass loss
roughly agrees with behavior of the best-fit mass-loss
rates for the LMC Cepheids as a function of period,
but seems to predict smaller mass-loss rates. One rea-
son the mass-loss rates may be underestimated is that the
modified-CAK method requires knowledge of the mass
of a Cepheid and this was done assuming a Period-Mass-
Radius relation derived from adiabatic pulsation mod-
els. It is likely these masses are overestimated and if the
masses are actually smaller then the mass-loss rates may
increase significantly. Another source of error is that the
mass-loss model is a quasi-static model and ignores time-
dependent dynamics in the atmosphere of a Cepheid.
CONCLUSIONS
In this presentation, we have shown computed mass-
loss rates for LMC Cepheids from the OGLE-III survey
that have been correlated with the 2MASS and SAGE
surveys to determine IR fluxes. The mass-loss rates of
Cepheids are found to range from 10−10 to 10−7 M⊙/yr.
These mass-loss rates contribute a shell flux that is about
10− 30% of the stellar flux at 8.0 µm.
These rates are not strictly period-dependent as seen
for prediction of radiative-driving. There is no obvious
reason to expect that Cepheid mass loss should be a func-
tion of pulsation period, especially since a period depen-
dence is equivalent to a Reimer’s relation for Cepheid
mass loss. A Reimer’s relation suggests that the potential
energy of the wind is proportional to the stellar luminos-
ity, however, shocks in the atmosphere are not necessar-
ily proportional to the luminosity alone. The shocks are
found to be non-linearly proportional to the luminosity,
pulsation period and mass [20], which leads to a signif-
icant deviation from a Reimer’s relation. Therefore it is
reasonable for the mass-loss rates to not be a strict func-
tion of period.
Mass loss is a reasonable explanation for the existence
of the CSE’s surrounding Cepheids and hence suggests
that there is an IR excess for the majority of Cepheids.
This IR excess affects the structure of the IR Leavitt
Law [16, 26, 27, 28] by making Cepheids appear brighter
than they actually are. This result is not significant if the
amount of IR excess is similar for all Cepheids indepen-
dent of metallicity but if the IR excess depends on metal-
licity then mass loss will cause an additional uncertainty
to the IR Leavitt Law for computing distances.
If the mass loss affects the IR Leavitt Law, then it is
also reasonable to expect that mass loss will contribute to
the IR surface brightness technique and potentially cause
Cepheid angular diameters to be overestimated. It is im-
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FIGURE 2. The best-fit mass-loss rates for the LMC Cepheids from the OGLE-III survey with χ2 < 1.25. for each epoch of
SAGE observation.
portant to characterize the how much angular diameters
are overestimated if one wishes to compute distances to
Cepheids using the Baade-Wesselink method.
Cepheid mass loss may also be a solution to the
Cepheid mass discrepancy [29, 30], where there are two
arguments for the current value of the mass discrep-
ancy. Caputo et al. [29] argues the mass discrepancy is
about 20% for small mass Cepheids (M ≈ 4 M⊙) and de-
creases as a function of mass. On the other hand, Keller
[30] argues the mass discrepancy is about 17% for all
masses. If we consider the analysis in this work, short-
period Cepheids (logP < 1), with an average mass-loss
rate of 10−7 M⊙/yr will lose about 1 M⊙ over a cross-
ing of the instability strip which is consistent with both
arguments for the mass discrepancy. However, for long-
period Cepheids the total mass lost over a crossing of
the instability strip will a smaller fraction of the stellar
mass because the evolutionary timescale decreases with
increasing mass. That result is consistent with the argu-
ments of Caputo et al. but not of Keller. It is necessary to
better understand both Cepheid mass loss and the mass
discrepancy to determine if mass loss is truly the solution
for the mass discrepancy.
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